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The ^^Ne(p, 7 )^®Na reaction is included in the neon-sodium cycle of hydrogen burning. A number 
of narrow resonances in the Gamow window dominate the thermonuclear reaction rate. Several 
resonance strengths are only poorly known. As a result, the ^^Ne(p, 7 )^^Na thermonuclear reaction 
rate is the most uncertain rate of the cycle. Here, a new experimental study of the strengths of 
the resonances at 436, 479, 639, 661, and 1279 keV proton beam energy is reported. The data have 
been obtained using a tantalum target implanted with ^^Ne. The strengths ai'y of the resonances at 
436, 639, and 661 keV have been determined with a relative approach, using the 479- and 1279-keV 
resonances for normalization. Subsequently, the ratio of resonance strengths of the 479- and 1279- 
keV resonances was determined, improving the precision of these two standards. The new data are 
consistent with, but more precise than, the literature with the exception of the resonance at 661 keV, 
which is found to be less intense by one order of magnitude. In addition, improved branching ratios 
have been determined for the gamma decay of the resonances at 436, 479, and 639 keV. 

PACS numbers: 25.40.Lw, 25.40.Ny, 26.30.-k 


I. INTRODUCTION 

The neon-sodium cycle of hydrogen burning (NeNa cy¬ 
cle) plays a crucial role for the synthesis of the elements 
between ^®Ne and ^"^Mg [1]. Whithin the cycle, ^^Ne can 
only be produced by the decay of radioactive ^^Na (ri /2 
= 2.6027 y [2]). However, this decay competes with pro¬ 
ton capture on ^^Na [3]. At temperatures T > 70 MK, 
proton capture surpasses the decay, and ^^Ne is effec¬ 
tively bypassed in the NeNa cycle. In this scenario, the 
destruction of ^^Ne by the ^^Ne(p, 7 )^®Na reaction is no 
longer compensated by fresh production. 

However, in a helium burning scenario ^^Ne 
may be produced from the ashes of the carbon- 
nitrogen-oxygen (CNO) cycle, using the chain: 
^^N(a,7)^®F(/3“''i/)^®0(Q;,7)^^Ne. Therefore, ^^Ne 
can still be present in second generation stars or when¬ 
ever material processed by the CNO cycle is mixed with 
helium-rich material [4]. The neutrons stored in ^^Ne 
have recently been suggested to play a role in neutron 
capture nucleosynthesis in supernova of type la that may 
lay the seed for an alternative production of p-nuclei 
[5-7]. 

The ^^Ne(p, 7 )^®Na reaction converts neon to sodium. 
For the case of classical nova nucleosynthesis, a sen- 
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sitivity study has shown how the uncertainty on the 
^^Ne(p, 7 )^®Na reaction rate propagates to the abundance 
of the elements between ^®Ne and ^^Al [8]. For type la 
supernovae, the synthesis of and ^®’^^Na may be af¬ 
fected by proton capture on ^^Ne [9]. 

The ^^Ne(p, 7 )^®Na excitation function is characterized 
by the contribution of many narrow resonances. At low 
energies Ep < 400 keV, there is a large number of res¬ 
onances that have never been observed experimentally, 
leading to a significant uncertainty on the reaction rate 
[10]. Some of these low-energy resonances have recently 
been studied at the LUNA 400-kV accelerator in Gran 
Sasso, Italy [11]. 

The strengths of the resonances Ep > 400 keV have 
been measured mostly with implanted ^^Ne solid targets 
[12, 13, and references therein]. Two resonances deserve 
special mention, as they are used as reference standards 
here: The 479-keV resonance strength has recently been 
determined relative to a well-known ^^Al(p, 7 )^®Si res¬ 
onance [14, 15] in an aluminum target implanted with 
^^Ne. The strength of the 1279-keV resonance has been 
measured in an absolute manner for a carbon target im¬ 
planted with ^^Ne, with the stoichiometric ratio derived 
from a Rutherford backscattering analysis [16]. 

Here, a new experiment on the ^^Ne(p, 7 )^®Na reso¬ 
nances at 436-, 479-, 639-, 661-, and 1279-keV proton 
beam energy (fig. 1) is reported. These resonances 
contribute significantly to the reaction rate at tempera- 
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FIG. 1. Partial level scheme of ^®Na [17]. The excited states 
and corresponding resonance energies Ep investigated in the 
present experiment are marked in red. The resonances inves¬ 
tigated in Ref. [11] are marked in blue. 


tures between 0.3 and 2 GK, but their strenghts are only 
known with uncertainties between 10% and 30% (tab. 
??). Of the five resonances studied here, the 479-keV 
and 1279-keV resonances have been used as references 
for normalization. The combined use of two reference 
resonances allowed to reduce the uncertainty on the res¬ 
onance strengths to 8%. Subsequently, also the two stan¬ 
dards have been linked to each other, improving their 
precision. 

The present work is organized as follows: section II 
describes the experimental setup, sec. Ill includes the 
data analysis and results. The discussion and a summary 
are given in secs. IV and V, respectively. More details can 



FIG. 2. Schematic view of the experimental setup. 


be found in thesis works [18-21]. 


II. EXPERIMENTAL SETUP 
A. Ion beam and target chamber 

The experiment was performed at the 3-MV Tandetron 
accelerator of Helmholtz-Zentrum Dresden-Rossendorf. 
A proton beam of Ep = 0.4 - 1.3 MeV with intensity 
between 5 and 10 fiA was delivered to a solid target im¬ 
planted with ^^Ne (see below, sec. II B). Before reaching 
the target, the beam went through a water cooled cop¬ 
per collimator of 5 mm diameter and a copper tube of 30 
mm diameter extending up to 2 mm distance from the 
target (fig. 2). During irradiation, this tube was biased 
to — lOOV in order to force secondary electrons back to 
the target. This allowed a precise measurement of the 
charge collected on target. The integrated charge was 
measured with a current integrator and recorded both 
by an analog scaler and a list mode digital data acqui¬ 
sition system. The target holder was tilted at 55° with 
respect to the beam direction. The target backing was 
directly water cooled to prevent deterioration. A turbo- 
molecular pump kept the target chamber pressure in the 
10“^ mbar range. 


B. Targets 

^^Ne implanted targets were prepared at the 200-kV 
Danfysik 1090 ion implanter of Legnaro National Labo¬ 
ratories, Italy. Neon gas with natural isotopic composi¬ 
tion (90.48% 20Ne, 0.27% ^iNe, 9.25% 22Ne) was ionized, 
accelerated and sent to an analysing magnet to select 
the mass-22 isotope. Then the ^^Ne beam was sent to a 
quadrupole magnet providing beam focusing, and hence 
to the target chamber. A beam scanning magnet located 
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between the quadrupole and the target produced a uni¬ 
form irradiated area of ( 10 x 8 ) cm^ at the target level. 
This allowed to produce, in a single irradiation, more 
than one implanted target with uniform implantation 
along the backing surface. Previous investigations on the 
implantation of neon gas showed that tantalum backings 
provide high saturation concentrations (between 10 ^^ and 
10 ^® atoms/cm^) and a good stability of the implantation 
against beam irradiation [22-25]. 

For the present experiment, tantalum disks of 27 mm 
diameter and 0.22 mm thickness were subsequently im¬ 
planted with the following ^^Ne fluences and energies: 
1.5 • 10^^ ions/cm^ at i?(^^Ne) = 150 keV, and 0.5 • 10^^ 
ions/cm^ at if(^^Ne) = 70 keV. Throughout the implan¬ 
tation, the beam current density on target was 

kept at 2 ^A/cm^. 


C. 7-ray detection system 

The system used for the detection of the emitted 7 
rays and for the data acquisition system is similar to the 
one described previously [26]. The emitted 7 rays were 
detected by two high-purity germanium (HPGe) detec¬ 
tors: The first HPGe was positioned at an angle of 55° 
with respect to the incident ion beam direction, its front 
cap was at 304 mm distance to the target, and it had 
90% relative efficiency [27]. The second HPGe at 90° 
and 152 mm distance had 60% relative efficiency (fig. 2). 
The two detectors were surrounded by BGO scintillators 
used as anti-Compton shields. Each BGO was enclosed 
in a 2 -cm-thick lead shield suppressing the background 
from environmental radionuclides. Moreover, the BGO 
detectors were shielded from direct radiation from the 
target by 7-cm-thick lead collimators. 

Two independent data acquisition systems have been 
used in parallel: one with a 100-MHz, 14-bit CAEN 
N1728B digital ADC (providing list mode data) and the 
other with a standard analog amplification chain and 
16384-channel histogramming Ortec 919E ADC unit. 

The absolute full-energy peak efficiency was measured 
using calibrated ^®^Cs, ®°Co, and ®®Y radioactive stan¬ 
dards by Physikalisch-Technische Bundesanstalt (PTB, 
Braunschweig, Germany) with typical activity error of 
<l%(lcr). The sources had the same geometry (thin 
plates, with a point-like active spot at the center) as the 
targets and were placed directly at the target position. 

The efficiency curve was then extended to 10.76 MeV 
using the ^^Al(p, 7 )^®Si resonance at 992 keV [28, 29]. 
This resonance de-excites emitting a 1779-keV 7 ray 
(i.e. in the energy range of radioactive sources) and 
several 7 rays with higher energy. The beam spot in 
the 27Al(p,7)28Si run was 5 mm wide, similar to the 
^^Ne(p, 7 )^®Na beam spot. At the present target-detector 
distance of 152 (304) mm for the 90° (55°) detector, the 
beam spot can be safely approximated as a point. A rel¬ 
ative approach was used to extend the efficiency curve: 
The efficiency at 1779 keV was derived from the fit of the 


calibration standard data, and the efficiency at higher en¬ 
ergies was then calculated normalizing to the 1779-keV 
peak, taking into account the well-known branching ra¬ 
tios and angular distributions [28]. 

Due to the large distance from source to detector, true 
coincidence summing effects are well below 1 % for all 7 
lines studied here and have thus been neglected. The re¬ 
sulting detection efficiency is shown in hg. 3 for both de¬ 
tectors. The final uncertainty on the detection efficiency 
is 1-3%, depending on the 7 -ray energy. 



FIG. 3. Absolute 7 -ray detection efficiency as a function of 
energy for the two HPGe detectors used. A phenomenological 
fit function and the fit error are shown. 


III. DATA ANALYSIS AND RESULTS 

For each of the five resonances, first the complete ex¬ 
citation function was measured and then a long run was 
performed at the beam energy of maximum yield. The 
target stability was monitored by regular scans of the 
1279-keV resonance. The general approach is described 
in section HI A. A detailed description of the data anal¬ 
ysis for each resonance studied is given in the following 
sections: Secs. HI B and HIC for the two reference res¬ 
onances, and secs. HID - HIF for the remaining three 
resonances. 


A. General approach and target stoichiometry 

The stoichiometric composition of the target is derived 
from the effective stopping power e [30]: 

£ = = £x + —£y + --- (1) 

nx nx 

where X is the target nuclide involved in the reaction of 
interest (here, ^^Ne), Y is a different nuclear species that 
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FIG. 4. Excitation functions of the resonances investigated in the present experiment. The scans are obtained using the 
following 7 rays transitions, that can be univocally attributed to the resonance decay (with the exception of the 661-keV 
resonance): = 436 keV, = 5296. - = 479 keV, = 6269. - = 639 keV, E^ = 9403. - E”" = 639 and 661 

keV, E^ — 440. - Ep®® = 1279 keV, E^ = 6102 keV. - For the 1279-keV resonance, both the scan measured at the beginning 
(black full circles) and at the end (orange open circles) of the experiment are shown. - The lines are the fitted Breit-Wigner 
resonance yield [30], taking beam energy straggling into account. 


is not involved in the reaction (here, Ta), ei is the stop¬ 
ping power for the element i (in the laboratory system) 
and Hi is the number of nuclides i per square centimeter. 
In the approximation of an infinitely-thick target, the ef¬ 
fective stopping power is directly related to the measured 
resonance yield and to the resonance strength wy: 

^ mp + mt uj-f 

where A^/2 is the de Broglie wavelength (in the center of 
mass), nip and mt are the masses of the target and pro¬ 
jectile and Tmax is the experimental yield. This approach 
has then been applied to derive the target stoichiometry 
Ta:^^Ne based on the 1279-keV [16] and 479-keV [14, 15] 


E'®® 

n(Ta):n(22Ne) 

1279 keV 

8.32 ± 0.04atat ± 0.36comm.ayst ± 0.82^17 

479 keV 

8.41 ± 0.09atat ± 0.35comm.ayst ± 0.65aj7 

Average 

8.37 ± O.OSatat ± 0.35comm.ayst ± 0.52^,7 


TABLE I. Target stoichiometry derived from the resonances 
at 1279 and 479 keV. 


resonances (Table I). These standards are known with 
10% (7%) precision from the literature, respectively [14- 
16]. 

The systematic uncertainty of the resonance strength 
is dominated by the uncertainty on the reference value 
(7% and 10% for the two reference resonances at 479 and 
1279keV, respectively). The other contributions to the 
systematic uncertainty are charge collection reproducibil¬ 
ity (1%), 7 -ray detection efficiency (1-3% depending on 
the 7 -ray energy), energy dependence of the stopping 
power (2.8%, based on the 3.7% SRIM normalization er¬ 
ror for Ta [31] and the relative difference of the stopping 
powers at the two energies), and data acquisition dead 
time (0.5%). 


B. 1279-keV resonance (Ex = 10017 keV) 

The 1279-keV resonance is the most intense resonance 
under study here. Therefore it was also used to monitor 
the stability of the target over time. 

Fig. 4 shows two scans of this resonance, one mea¬ 
sured at the very beginning of the present experiment 
(integrated charge Q = 0 C) and the other at the very 
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FIG. 5. 7 ray spectra for the resonances at 479 keV and 1279 keV. The transitions used for the resonance strength determination 
are shown in black, other 7 rays in blue. 


end {Q = 1.87 C). This one target was used for the whole 
data taking. Only a shift of the rising edge of the yield 
profile was observed, which is ascribed to the buildup of 
contaminants on the target surface. 

In the long run at Ep = 1293 keV (fig. 5), the 1279-keV 
resonance was populated together with the lower-energy 
resonance at 1264 keV, which according to the litera¬ 
ture is ten times weaker [32]. In order to exclude possi¬ 
ble effects due to this secondary resonance, the 1279-keV 
resonance was analyzed using only two intense primary 
7 -rays {Ej = 6102 keV from the 10017—?'3914 transition 
and Ej = 9575 keV from the 10017—>-440 transition) that 
are well separated from the gammas emitted in the decay 
of the 1264-keV resonance (fig. 5). In this way, the scan 
was unambiguously related to the 1279-keV resonance. 

For the resonance strength analysis, the reaction yield 
was calculated individually for each transition and for 
each detector using the following relation; 

Y = _ — _ (3) 

““ r,-Br- W{e) ■ Q ^ ^ 

where N is the net observed peak area (after subtract¬ 
ing continuum background), rj is the 7 -ray detection ef¬ 
ficiency, B is the transition branching ratio, W(9) is the 
angular distribution and Q is the beam integrated charge. 
The values for B and W {6) are taken from the literature 
[33]. 

The resulting target stoichiometries derived for each of 


the two transitions analyzed for both HPGe detectors are 
mutually consistent, therefore the average value has been 
adopted for the calculation of the target stoichiometry 
(table I). The contribution to the uncertainty due to the 
resonance 077 has been kept separated from the statistical 
uncertainty and from the systematic uncertainties which 
are common to the 479-keV resonance, i.e. the detection 
efficiency (fig. 3) and the SRIM stopping power [31]. It is 
found that the uncertainty on the target composition is 
dominated by the uncertainty on the resonance strength 
(table I). 


C. 479-keV resonance {E^ = 9252 keV) 

The excitation function and a typical spectrum of the 
479-keV resonance are shown in fig. 4 and 5, respectively. 
The 479-keV resonance was well separated in energy from 
all the other resonances. Moreover, all the gamma tran¬ 
sitions reported in the literature for the de-excitation of 
the resonance were observed. Therefore, the total reac¬ 
tion yield, obtained summing the contributions Ni from 
all primary transitions i was used for the analysis, mak¬ 
ing the result independent of the branching ratio found: 



























































6 


The angular distribution coefficients for the 7 rays de¬ 
exciting the resonance are not known from the litera¬ 
ture. Given that the resonance spin is 1/2, an isotropical 
angular distribution for primary and secondary 7 rays 
de-exciting this resonance can be safely assumed. This 
assumption is supported by the fact that the resonance 
yields measured with the two detectors are perfectly com¬ 
patible within the error bars. 

The decay branching ratios have also been re¬ 
measured. The results are reported in tab. II. 

The strength of the 479-keV resonance can also be 
calculated using the target stoichiometry derived from 
the 1279-keV resonance (sec.IIIB). Inverting equation 
2 , a resonance strength a; 7 ( 479 ) = (0.605 ± O.OOBgtat ± 
0.062syst)eV is found. This value is consistent with the 
literature strength of wy = (0.583 ± 0.043)eI7 [15] that 
was derived by depth profiling in aluminium. 

However, the argument can also be turned around. 
Based on the literature resonance strength [15], the target 
stoichiometry has also been determined independently 
of the 1279-keV resonance. Following the approach de¬ 
scribed in sec. Ill A, a stoichiometric value is found that 
is in perfect agreement with the one based on the 1279- 
keV resonance (table I). Again, the main contribution to 
the uncertainty is the error on the resonance strength. 

For the analysis of the remaining three resonances, it 
is therefore possible to use the stoichiometry either from 
the 479- or from the 1279-keV resonance or their average 
as a standard. 


Final level [keV] 

Resonance energy j 

5^= [keV] 


436 

479 

639 

Final level [keV] 

Initial level Ax 

/keV] 


9211 

9252 

9405 

0 

1.2 ( 0 . 6 ) 

43.6 (0.9) 

76.0 (0.7) 

440 

4.9 (0.5) 


1.5 (0.1) 

2391 

2.0 (0.3) 

3.6 (0.2) 


2640 

6.4 (0.5) 

9.4 (0.3) 

2.9 (0.1) 

2982 

22.4 (1.0) 

32.7 (0.6) 

7.8 (0.4) 

3678 

3.1 (0.4) 

4.5 (0.3) 

7.6 (0.2) 

3848 

2.0 (0.3) 



3914 

30.0 (1.7) 

< 0.1 


4430 

4.7 (0.4) 

1.9 (0.1) 

3.4 (0.1) 

5766 


2.0 ( 0 . 1 ) 

0.41 (0.03) 

5964 

17.1 (0.8) 



6195 

3.4 (0.3) 



6921 


2.2 ( 0 . 1 ) 


7488 

2.8 ( 0 . 6 ) 



7724 



0.44 (0.03) 


TABLE II. Branching ratios for the 7 -decay of the A™® = 
436-, 479-, and 639-keV resonances, corresponding to the 
= 9211-, 9252-, and 9405-keV excited states of ^®Na, respec¬ 
tively. Statistical uncertainties are reported in parentheses. 
The upper limit is given at 90% confidence level. 


D. 436-keV resonance (Ax = 9211 keV) 

The 436-keV resonance strongly affects the 
^^Ne(p, 7 )^^Na reaction rate at typical temperatures 
of classical novae explosions. The literature strength 
value has 23% uncertainty, wy = (0.065 ± 0.015) eV. 
The strength of the 436-keV resonance was measured 
with 30% uncertainty [34] using the 639-keV resonance 
to convert the relative strengths to an absolute wy. 
The value reported in Ref. [34] was then recalibrated 
according to the strength of the 1279-keV resonance 
[ 12 ]. 

A scan of the 436-keV resonance is shown in fig. 4. 
The y-ray spectrum from the long run is shown in fig. 6 . 
Since all the transitions de-exciting the resonance have 
been observed, the total reaction yield for each detector 
has been calculated with eq. 4. The resonance strength 
was derived independently for each detector using equa¬ 
tion 2 . Also in this case, no experimental information is 
available on the angular distribution of emitted y-rays. 
Therefore, calculated correction factors [30] of 0.80-1.25, 
depending on the transition involved and neglecting mix¬ 
ing between different multipolarities, have been used to 
rescale the 90° data. Subsequently, the average wy from 
both detectors has been adopted to reduce the statistical 
uncertainty. 

The difference between the 55° yield, which is insen¬ 
sitive to the angular distribution for the present case 
(where the fourth-order Legendre polynomial can be ne¬ 
glected due to a negligible d-wave contribution), and the 
combined yield including also the 90° data with their cal¬ 
culated angular correction is 2%. This value is included 
in the systematic error budget for this resonance. The 
final result (reported in tab. ??) is compatible with the 
literature strength, but the relative uncertainty has been 
reduced by a factor of 3. Updated branching ratios for 
the gamma decay of the 9211-keV level have also been 
derived. The present results (tab. II) are generally in 
agreement with [34], except for the weakest transitions. 


E. 639-keV resonance (Ax = 9405 keV) 

The literature strength wy = (2.8 ± 0.3) eV was mea¬ 
sured and normalized to the strength of the 1279-keV res¬ 
onance [16]. In the present experiment, all the transitions 
de-exciting the 9405 keV level were observed, therefore 
the same approach described for the 436-keV resonance 
has been adopted. 

Also for the 639-keV resonance, no information is avail¬ 
able on the y ray angular distribution, but the indepen¬ 
dent analysis of the spectra recorded with the 55° and 
90° detector gives compatible results. The present reso¬ 
nance strength is consistent with the literature and the 
uncertainty has been slightly improved. 
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FIG. 6 . 7 ray spectra for the resonances at 436 keV, 639 keV and 661 keV. The transitions used for the resonance strength 
determination are shown in black, other 7 rays in blue. 


F. 661-keV resonance {E^ = 9426 keV) 

The 661-keV resonance is the weakest resonance inves¬ 
tigated in the present experiment. Since the total energy 
loss of the proton beam in the target is 39 keV, the 661- 
keV resonance could not be completely separated from 
the more intense resonance at 639 keV. Fig. 4 shows the 
resonance scan obtained with the 440-keV transition from 
the first excited state to the ground state of ^^Na. This 
transition is very intense in the 7 ray spectrum, since 
it collects the statistics from the decay of most of the 


higher energy levels. The excitation function shows two 
rising edges: The first corresponds to the 639-keV reso¬ 
nance, the second (lying on the plateau of the 639-keV 
resonance) can be attributed to the 661-keV resonance. 
As a reference, the scan of the 639-keV resonance only, 
using the 9403-keV 7 -ray that is specific to the 639-keV 
resonance, is also shown with open circles. 

Due to the very low observed strength of this reso¬ 
nance, only the most intense transitions are observed in 
the 7 ray spectrum. Fig. 6 shows the 7034-keV tran¬ 
sition from the resonance to the 2391-keV excited state 






































































































































Detector 

Transition 

Relative to 479 keV 

uj'y [eV] 

Relative to 1279 keV 

HPGe 90° 

R ^ 7488 

R ^ 7082 

R 2391 

0.056 ± Qmistat ± 0.004,y,t 
0.053 ± 0.016,tat ± 0.005,y,t 
0.034 ± 0.007stat ± 0.0033j,st 


0.055 ± 0.0173y3t ± 0.0063H3t 
0.053 ± O.Oie^tat ± 0 . 00635,34 
0.033 ± 0.0073tat ± 0.0043y3t 

HPGe 55° 

R ^ 2391 

0.024 ± 0.0063tat ± 0.0023j,3t 


0.024 ± 0.0063tai ± 0.00235534 


TABLE III. Strength of the 661 keV resonance measured for each HPGe detector and for each gamma transition observed. 


as observed in the two germanium detectors, in the long 
on-resonance run. The gray spectrum is the long run 
spectrum on the 639 keV {Ep = 650 keV), normalized 
to the integrated charge of the long run on the 661-keV 
resonance. 

The 7 transitions observed in each detector are listed 
in table III. The resonance strength has been derived 
from eq. 2-3 analyzing each transition independently. 
Branching ratios are adopted from Ref. [34], and the an¬ 
gular distribution coefficients are taken from Ref. [35]. 
Since not all the resonance strengths in table III are Icr 
compatible, a conservative approach has been used to de¬ 
rive the final adopted strength: the adopted value is the 
weighted average of all the values in table III, and the la 
error bar is expanded to fully cover the maximum and 
minimum values. 

The resonance strength from the present work is a fac¬ 
tor of 11 lower than the literature strength (see tab. ??). 
The literature wy comes from the direct experiment per¬ 
formed by Meyer and Smit in 1973 [34]. In that exper¬ 
iment, absolute resonance strengths were derived using 
the strength of the 639-keV resonance as a reference for 
normalization. No clear explanation for the discrepancy 
between the literature and the present strength could be 
found. It can only be speculated that the Meyer and Smit 
data were affected by contributions from the stronger res¬ 
onance at 639 keV. 


IV. DISCUSSION 

The new values for the resonance strength (table ??) 
are in agreement with, but more precise than the litera¬ 
ture values. The error bars are now on the 8% level. The 
two reference resonances at 479 and 1279 keV now have 
7% systematic uncertainty, when using both the litera¬ 
ture data [14, 16] and the new link between them devel¬ 
oped in the present experiment. 

The only exception is the 661-keV resonance. The new, 
much lower strength is based on a total of three transi¬ 
tions, one of which was observed in both detectors, so 
the present value may be considered more reliable than 
the literature [34]. 

The impact of each of the resonance strength values 
wyi determined here on the total thermonuclear reaction 
rate is quantified by computing the partial thermonuclear 


reaction rate Nj^{av)i as a function of temperature T 

/ 27r \ ® \ 

NA{av)i = Na exp ( ) (5) 

for each and dividing it by the total rate from the 
recent compilation by Sallaska and coworkers [36] . In the 
equation, Na is Avogadro’s number, /i the reduced mass, 
fee Boltzmann’s constant, and the resonance energy 
in the center-of-mass system. 

The review of these partial contributions shows that 
the resonances at 436, 479, and 639 keV have an im¬ 
pact of more than 10% at one given temperature (fig. 7), 
whereas the 661- and 1279-keV resonances give a little 
contribution, <1% of the total reaction rate. The 661- 
keV resonance was already contributing only negligibly 
with the previous strength value; with the present, much 
lower strength it becomes fully negligible. The 1279-keV 
resonance is located at too high energy, therefore it has 
no impact at burning temperatures Tg < 1 and is not 
plotted in Fig. 7. 



FIG. 7. The colored lines (colored shaded areas) show the 
contributions (error bands) NA{av)i of the individual reso¬ 
nances studied to the thermonuclear reaction rate, relative to 
the Sallaska, Iliadis et al. [36] total reaction rate. For com¬ 
parison, gray lines with the same line style represent the con¬ 
tributions calculated with the previous literature resonance 
strengths [37]. 
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[keV] 


CU 7 [eV] 




Literature 

This work 

This work 

This work 



relative to 479 keV 

relative to 1279 

adopted 

436 

0.065 ± 0.015 [12, 34] 

0.080 ± 0.002stat ± 0.007syst 

0.079 ± 0.002stat ± 0.008sy.t 

0.079 ± 0.006 

479 

0.583 ± 0.043 [15] 


0.605 ± 0.006stat ± 0.062,y,t 

0.594 ± 0.038 

639 

2.8 ± 0.3 [16] 

2.46 ± 0.02stat ± 0.2Uyst 

2.43 ± 0.02atat ± 0.25syst 

2.45 ± 0.18 

661 

0.35 ± 0.1 [34] 

U.UOZ_o 009 

0 nsi 

U.UOl_0.009 

U.UOZ_0.009 

1279 

10.5 ± 1.0 [16] 

11.03 ± O.OSstat ± l.Osyat 


10.8 ± 0.7 


TABLE IV. Resonance strengths measured in the present work, based on the new normalization for the 479 keV resonance [15]. 
For the 436, 639, and 661 keV resonances, the value adopted in the last column is the weighted average between the present 
values relative to the 479 and 1279keV resonances (previous two columns). For the 479 and 1279keV resonances themselves, 
the adopted value is formed by the average between the present new value and the previous literature value. See text for details. 


The present values will contribute to a future new 
determination of the ^^Ne(p, 7 )^^Na reaction rate based 
on low-energy resonances that have recently been studied 
in the LUNA experiment at Gran Sasso [11, 18, 19]. 


V. SUMMARY 

The ^^Ne(p, 7 )^^Na reaction has been investigated in 
the energy range of interest of classical novae explosions 
and type la supernovae. In total, five resonances have 
been studied in a direct experiment. 

The strengths of the 436-keV and 639-keV resonances 
have been determined with 8% uncertainty, much more 
precise than in the literature. The strength of the 661- 
keV resonance has been shown to be 11 times lower than 


previously believed. The strengths of the 479- and 1279- 
keV resonances have been determined relative to each 
other by high-statistics data, and a new value with 7% 
precision has been recommended for each of these two 
resonances. 

The new resonance strengths contribute up to 50% to 
the total reaction rate and may be used in a future re- 
evaluation of the ^^Ne(p, 7 )^^Na thermonuclear reaction 
rate. 
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